INTRODUCTION
The existence of multidrug resistance (MDR) is a major factor in the failure of chemotherapeutic treatment of human cancer. This phenomenon, which may pre-exist in a tumour, or develop after one or more rounds of chemotherapy treatment, is associated with specific drugs, especially the Vinca alkaloids and anthracyclines. The molecular basis for one major type of MDR is the overexpression of a 170-180 kDa plasma membrane glycoprotein, known as the P-glycoprotein (Pgp), which is proposed to transport certain classes of hydrophobic drugs out of the cell (for reviews, see [1, 2] ). Transfection of the cDNA for both class I and III Pgp isoforms has been shown to confer drug resistance on a drug-sensitive recipient cell.
The multidrug transporter is a member of a large group of membrane proteins known as the ABC (ATP-binding cassette) superfamily [3] or the 'traffic ATPases' [4] . The proteins in this superfamily consist of two homologous halves, each made up of six putative transmembrane segments, and a consensus sequence for a nucleotide-binding fold. Other proteins in this family include components of several bacterial transport proteins [5] , the yeast ste6 mating factor a exporter [6] and the cystic fibrosis gene product, CFTR [7] . Since Pgp binds photoaffinity analogues of drugs and chemosensitizers [8] [9] [10] [11] and ATP [12] , it has been proposed to act as an ATP-dependent drug efflux pump. Biochemical evidence that this is indeed the case has accumulated over the past few years. Several studies using plasma-membrane vesicles from cells and tissues expressing Pgp have demonstrated both drug binding and ATP-dependent drug trations of 0. 1-10 ,uM, and at an inhibitor: protein stoichiometry of 0.65-1.0 ,umol/mg protein, which is at the low end of the range characteristic of P-type ATPases. Pgp ATPase was relatively selective for adenine nucleotides. Several phospholipids stimulated Pgp ATPase activity in a dose-dependent manner, whereas others produced inhibition. Metabolic labelling showed that the endogenous phospholipids associated with purified Pgp consisted largely of phosphatidylethanolamine and phosphatidylserine, with only a small amount of phosphatidylcholine. 32P-Labelling studies indicated that purified Pgp was partially phosphorylated. It can be concluded that Pgp is a constitutively active, adenine nucleotide-specific ATPase whose catalytic activity can be modulated by both drugs and phospholipids. transport [13] [14] [15] [16] [17] . Hamada and Tsuruo first reported that affinitypurified Pgp displayed very low ATPase activity [18, 19] . Sarkadi et al. found that Sf9 insect cells transfected with human mdrl exhibited a high ATPase activity in their plasma membrane, which was stimulated by drugs and chemosensitizers [20] , and Al-Shawi and Senior demonstrated similar drug-stimulated ATPase activity in the plasma membrane of a Chinese hamster ovary (CHO) cell line selected for high levels of Pgp expression [21] . Shimabuku et al. constructed a Pgp-,J-galactosidase fusion protein, which on purification proved to have ATPase activity [22] . Ambudkar et al. isolated a partially purified preparation of Pgp in octylglucoside which had a high level of ATPase activity [23] and Shapiro and Ling used Zwittergent 3-12 to isolate 90 % pure Pgp with substantial levels of ATPase activity [24] . More recently, Urbatsh et al. reported using octylglucoside to isolate purified Pgp with high ATPase activity [25] .
We previously isolated and characterized a partially purified Pgp extract with high ATPase activity (> 0.5 ,umol/min per mg), from MDR CHO cells [26] . This Pgp preparation showed both ATP-dependent drug transport and ATPase activity following reconstitution into proteoliposomes [27] . In the present work, we have further purified Pgp using lectin affinity chromatography. The resulting product, which displays one of the highest levels of constitutive ATPase activity reported to date for a detergentsolubilized Pgp preparation, has been characterized with respect to kinetics and nucleotide specificity. The kinetic basis for the modulation of Pgp ATPase activity by drugs, chemosensitizers and membrane lipids was examined. In addition, the Pgp ATPase was shown to be inhibited by the macrolide antibiotics bafilo-mycin A1 and concanamycins A and B. Finally, the endogenous phospholipids associated with Pgp were identified and the phosphorylation status of the purified protein was explored.
MATERIALS AND METHODS Materials Dipalmitoylphosphatidylethanolamine (DPPE), egg phosphatidylethanolamine (PE), and yeast phosphatidylinositol (PI) were obtained from Serdary Research Laboratories (London, Ontario, Canada). CHAPS, disodium-ATP and Mg-ATP, staurosporine, egg phosphatidylcholine (PC), bovine brain phosphatidylserine (PS), bovine erythrocyte sphingomyelin (SM) and all other lipids were from Sigma Chemical Co. (St. Louis. MO, U.S.A.). Asolectin (30% PC, 31 % PI and 30% PE) was supplied by Fluka (Ronkonkoma, NY, U.S.A.). Cell culture supplies were purchased from Gibco Canada (Burlington, Ontario, Canada). Protein was quantified as described by Peterson [28] or Bradford [29] , using BSA (crystallized and lyophilized, Sigma) as a standard.
Cell culture and plasma-membrane preparation
The MDR CHO cell line CHRC5 [30] was grown as described previously [13, 26, 31] . Cells were cultured at 37°C in a humidified atmosphere of 5 % CO2 in a-minimal essential medium supplemented with 10% heat-inactivated iron-supplemented/defined bovine calf serum (Hyclone Laboratories, Logan, UT, U.S.A.), penicillin (1000 i.u./ml), streptomycin (1 mg/ml) and 2 mM Lglutamine. Plasma-membrane vesicles were isolated from CHRC5 cells using a method involving cell disruption by nitrogen cavitation, followed by ultracentrifugation on a 35 % (w/w) sucrose cushion [31] . Membrane vesicles were stored at -70°C for no more than 3 months before use.
Selective detergent-extraction of Pgp Pgp was partially purified using a two-step CHAPS extraction as described previously [26] . Briefly, plasma-membrane vesicles from CHRC5 were thawed and sedimented at 164000g for 30 min at 4°C. The pellet was resuspended in solubilization buffer A (25mM CHAPS/5OmM Tris-HCl/0.15M NH4Cl/ 5 mM MgCl2/1 mM dithioerythritol/0.02 % NaN3, pH 7.5) to a final protein concentration of 10 mg/ml, and then incubated for 30 min at 4 'C. Insoluble material was collected by ultracentrifugation at 164000 g for 15 min at 4 'C. The pellet was resuspended in solubilization buffer B (8 mM CHAPS/50 mM Tris-HCl/0.15 M NH4C1/5 mM MgCl2/1 mM dithioerythritol/ 0.02 % NaN3, pH 7.5) to a final protein concentration of 0.4-0.5 mg/ml and incubated for 30 min at 4 'C. The sample was then pelleted at 15 000 g for 15 min at 4 'C. The resulting supernatant (S2 fraction) contained partially purified Pgp.
Lentil lectin affinity chromatography
The S2 fraction was further purified by affinity chromatography on lentil lectin-Sepharose 4B (Pharmacia, Dorval, Quebec, Canada), as previously described for detergent-solubilized plasma membrane [31] . In a typical purification, approximately 3.6 ml of the CHAPS extract, containing 0.9 mg of protein, was loaded onto a lentil lectin-Sepharose 4B column equilibrated with buffer B (4 ml bed volume) at 4 'C at a flow rate of 0.2 ml/min. After washing with five column volumes of buffer B, bound proteins were eluted with 0.5 M a-methylmannoside in 280 nm and Mg2+-ATPase activity. Since all of the ATPase activity was localized to the run-through, these fractions were pooled (-4.2 ml) and applied directly to a second lentil lectinSepharose 4B column, using the same conditions as above. The final product was obtained by again pooling the run-through fractions (final volume 4.8 ml).
Electrophoresis and Western blotting
Protein samples from various stages of the purification procedure were first dialysed against 50 mM ammonium bicarbonate and then freeze dried. SDS/PAGE was carried out according to Laemmli [32] , except that samples were not boiled before electrophoresis. Proteins were separated on a 7.5 % polyacrylamide gel using a Bio-Rad Mini-Protean unit (Bio-Rad Laboratories, Mississauga, Ontario, Canada) and stained with Coomassie Blue (Bio-Rad). Western blotting was performed as described previously [26, 31] Identification and quantification of phospholipids associated with purified Pgp Endogenous phospholipids associated with purified Pgp were isolated following metabolic labelling using organic solvent extraction [35] and analysed by two-dimensional high-performance thin-layer chromatography (2D-HPTLC) [36] and autoradiography. Briefly, Pgp (100 jug) purified from [32P]Pi-labelled CHRC5 cells, together with carrier lipids (20 ,ug each of PC, PE, PI, PS and SM) were treated with 5 ml of hexane: propan-2-ol (3:2 v/v). The sample was vortexed and then centrifuged at 4000 g for 15 min. The organic phase was collected and dried under a stream of N2. The lipid extract was then redissolved in 20 ,tl of chloroform/methanol (4:1 v/v) and analysed by 2D-HPTLC on heat-activated high-performance silica gel 60 plates (1O x 10 cm, aluminum-backed, Merck, Darmstadt, Germany). Plates were developed in paper-lined glass chambers in the first dimension in chloroform/methanol/ammonia (65:25:5 v/v), air-dried, and run in the second dimension in chloroform/ acetone/methanol/glacial acetic acid/water (6: 8: 2: 2: 1 v/v). Lipid spots were located with iodine vapour and identified by comparison with standards, and 32P-labelled species were visualized by autoradiography.
Pgp-associated phospholipids were quantified according to the protocol of Bartlett [37] . Purified Pgp (100 jag) was extracted with organic solvent as described above. To the dried lipid sample in a Pyrex test tube, 30 ,ul of 1O % magnesium nitrate in 95 % ethanol was added. The sample was heated in a flame until the brown fumes disappeared, and resuspended in I ml of 5 M H2S04. The sample was then assayed for phosphate using KH2P04 as a standard. 
Phosphorylation of Pgp in CHRC5 plasma

RESULTS
Purification of ATPase-active Pgp
We previously reported that a two-step selective extraction of the CHRC5 plasma membrane with the detergent CHAPS generated a partially purified (-30 %) preparation of Pgp [26] (see Figure   la , lane 2). The Mg2+-dependent ATPase activity of this S2 extract under defined assay conditions was confirmed to be due entirely to Pgp, and no contaminating membrane ATPases were detected [26] . When the partially purified Pgp fraction was chromatographed on lentil lectin-Sepharose, over 800% of the ATPase activity was retained in the run-through while over half the total protein was bound by the column (Table 1 (Table 1) , which suggested that it consisted of glycoproteins bound to the column very tightly. Columns could typically be used for up to ten purification runs before their performance decreased. Attempts to regenerate columns using more rigorous washing procedures (high and low pH) succeeded in removing most of the bound protein, but [ATPI (mM) [26] and in reconstituted proteoliposomes [27] . The effect of various transport substrates and chemosensitizers on purified Pgp ATPase activity was determined at 1 mM ATP (Figure 2 
Nucleotide preferences of Pgp ATPase
We investigated whether purified Pgp was able to utilize nucleoside triphosphates other than ATP. dATP was hydrolysed at slightly less than half the rate observed for ATP at a concentration of 0.5 mM and the rate of hydrolysis increased to around 60% of the rate for ATP at 1.0 mM (Table 3 ). Other riboand deoxyribo-nucleotides were hydrolysed only very slowly ( < 10 % of the rate for ATP) at both 0.5 and 1.0 mM (Table 3) . Thus, Pgp ATPase appears to be relatively specific for adenine nucleotides.
Lipid dependence of Pgp ATPase
To examine the effect of membrane lipids on Pgp ATPase activity, purified Pgp was preincubated for 1 Quantffication and identification of phospholipids associated with purified Pgp A sample of purified Pgp was treated with hexane/propan-2-ol to extract associated phospholipids, which were then quantified using the acid hydrolysis/phosphate assay method of Bartlett [37] . Pgp was then treated with hexane/propan-2-ol in the presence of carrier lipids and the lipid extract was separated by 2D-HPTLC. Lipid spots were visualized using both autoradiography and staining with 12 vapour, followed by comparison with lipid standards. As shown in Figure 8 , there were three major 32p_ labelled phospholipid species associated with Pgp. In the second approach, intact CHRC5 cells were metabolically labelled using [32P]P1, followed by plasma-membrane vesicle preparation and Pgp isolation. SDS/PAGE and autoradiography were performed at various stages of the purification process. Pgp appeared as a prominently phosphorylated band in the CHRC5 plasma membrane (Figure 9b, lane 1) . Pgp was the only 32p-labelled protein band in both the S2 fraction and the purified final product (Figure 9b, lanes 2 and 3 respectively) .
DISCUSSION
In earlier studies, we succeeded in purifying Pgp to homogeneity [31] using various combinations of immunoaffinity and lectinaffinity chromatography. However, we observed that purification steps during which Pgp bound to the column matrix, and was subsequently eluted, usually resulted in a partial or total loss of ATPase activity (depending on the harshness of the eluent). We then developed a procedure for rapid extraction of Pgp with high ATPase activity from the CHRC5 plasma membrane using CHAPS [26] . Here we show that affinity chromatography on lentil lectin-Sepharose provides a rapid and convenient technique for further purification of the detergent extract; many glycoprotein contaminants were bound selectively and Pgp ATPase activity was retained. The final ATPase activity of 1.65 /tmol/min per mg is 5-fold higher than that reported by Shapiro and Ling [24] for 900% pure CHRC5 Pgp isolated by ion-exchange and immunoaffinity chromatography. In addition, the overall yield of Pgp from the plasma membrane approaches 50 % (compared with 100% for the Shapiro and Ling preparation). Since the completion of this study, Urbatsch et al. have reported the isolation and purification of hamster Pgp with comparable ATPase catalytic activity, using octyl glucoside extraction followed by chromatography on Reactive Red 120 [25] . However, the final product is dilute, and contains 50 mM ATP, E. coli lipids and I M NaCl, so that further experiments required reconstitution of the protein into lipid bilayers. Because the [40] ). An even higher Km value was recently reported for the ATPase activity of plasma membrane from a cell line selected for Pgp overexpression [21] and for the Pgp isolated from this membrane [25] . The kinetic plots for ATP hydrolysis are diagnostic of product inhibition at ATP concentrations over 1.5 mM, an effect which was previously observed with partially purified Pgp [26] , although it was less pronounced. The kinetic properties of proteins often change somewhat during the course ofpurification. Kinetic experiments carried out in the presence ofADP confirmed that the nucleotide acted as a competitive inhibitor of the ATPase. A similar conclusion was reached in a study of the ATPase activity of Pgp from the plasma membrane from an overexpressing CHO cell line [21, 25] .
The ATPase activity of purified Pgp was stimulated by trifluoperazine, verapamil and colchicine, whereas the transport substrates daunomycin and vinblastine caused inhibition. Kinetic studies indicated that all of these compounds acted as 'mixed' activators or inhibitors, indicating that ATP is hydrolysed more rapidly, or more slowly, in the Pgp-drug-ATP complex than in the absence of the drug. The activation of solubilized Pgp by verapamil and trifluoperazine is lower relative to CHRC5 membrane [40a] , which suggests that the detergent CHAPS disrupts the interaction between the drug binding site(s) and the ATPase domains. This is not entirely surprising, since the drug-binding sites are likely to be contained within the transmembrane regions of Pgp [41, 42] . Ambudkar et al. also reported that detergentsolubilized Pgp was activated only slightly by the substrate vinblastine [23] . Daunomycin and vinblastine cause inhibition of the ATPase activity of both pure Pgp in CHAPS and reconstituted Pgp in proteoliposomes [27] The possible role of the two ATP-binding folds of Pgp in the transport process has been the subject of much speculation. Kinetic analysis of the data for purified Pgp showed no evidence for allosteric cooperative interactions between the two ATPase sites, in either the absence or presence of drugs, chemosensitizers or lipids. This suggests that, whatever their role in the transport process, the two ATPase sites operate independently of each other. Similar conclusions were reached by Garrigos et al. using plasma membrane from MDR Chinese hamster lung fibroblasts [44] .
We previously determined that ATP, and to a lesser extent dATP, were able to support Pgp-mediated drug transport into CHRC5 plasma vesicles, while GTP and non-hydrolysable ATP analogues were not [13] . The present study indicates that Pgp is able to hydrolyse other nucleotides only very poorly and thus appears to be relatively selective for adenine nucleotides. This conclusion is supported by the recent report of Urbatsch et al., who concluded that Pgp was relatively specific for adenine nucleotides but was tolerant of modifications [25] . A previous study reported significant levels of GTP hydrolysis by Pgp [21] , but since the source used was native plasma membrane, it is likely that other membrane-bound nucleotidases contributed to GTP hydrolysis. It has also been reported that GTP supported vinblastine transport in plasma membrane vesicles from MDR KB cells [45] , and it was thus suggested that Pgp may be able to integral molecular property of Pgp. Little is currently known use GTP to energize transport. However, in many cases, drug transport is very sensitive to ATP depletion, requiring an ATP regenerating system for maximal transport (see for example, [13] [14] [15] ). Our data suggest that the effect of GTP in KB plasmamembrane vesicles may have been to 'rescue' endogenous ATP from hydrolysis by other nucleotidases, rather than to act as an alternative energy source for Pgp. This proposal is supported by our recent study of reconstituted Pgp in proteoliposomes, where an ATP-generating system was not required for drug transport [27] .
Pgp ATPase was modulated by phospholipids: some species greatly stimulated catalytic activity, while others produced inhibition. DPPE both increased the Vmax and decreased the Km for ATP. Saeki et al. recently reported that the ability of a Pgp-,-galactosidase fusion protein to be photolabelled with azidopine could be modulated by various sterols [46] . It is likely that the presence of small amounts of detergent promotes the exchange of exogenous lipids into the boundary lipid region of Pgp. The protein may also be 'reconstituted' into the lipid structures under the conditions of these experiments, in which case the large catalytic activation observed for egg PC and DPPE suggests that these lipid species are good choices for functional reconstitution of Pgp. Indeed, successful reconstitution of drug transport in proteoliposomes of DPPE/egg PC containing partially purified Pgp has been achieved in our laboratory [27] .
Extraction of purified Pgp with organic solvents revealed that each molecule of protein is associated with 53-56 phospholipids. This number seems entirely reasonable given the size and hydrophobicity of Pgp and the fact that no attempt was made to delipidate the protein. Indeed, detergent delipidation inactivates Pgp ATPase activity, which can be restored subsequently by the addition of phospholipids [33] . Analysis of phospholipids, following metabolic labelling of intact cells with [32P]P., revealed that the major phospholipid associated with Pgp was PE, with lesser amounts of PS. Only very small amounts of PC and no SM were detected, although PC was the major lipid present in the CHRC5 plasma membrane. Thus, Pgp selectively associates with only certain phospholipid species in the source plasma membrane. The amino phospholipids PE and PS, which predominate in the inner leaflet of the plasma membrane of eukaryotic cells, are favoured, whereas the choline lipids PC and SM, which predominate in the outer leaflet, are greatly under-represented. It is interesting that as the major phospholipid associated with Pgp, PE, is also the species that best activates the ATPase activity. Also associated with Pgp was an unidentified phospholipid, which was present below the detection limits in CHRC5 membrane. It seems likely that this species is a metabolic intermediate which turns over rapidly and thus becomes labelled with 32p to a high specific activity.
Variations in the ability of various drugs to stimulate or inhibit ATPase activity have been noted by several research groups. It has been suggested that these disparities may arise from either a different lipid/detergent environment (discussed above) or differences in post-translational modification of Pgp, especially phosphorylation, which is known to modify the level ofdrug resistance seen in intact cells [47] [48] [49] . The sites of phosphorylation of Pgp by protein kinase C have recently been identified in the human [50] and the mouse [51] , as multiple serine/threonine residues in the linker region joining the N-and C-terminal halves of the protein. It was not possible to carry out phosphorylation/ dephosphorylation of purified Pgp by defined enzymes in the present study because of the presence of high concentrations of the detergent CHAPS. Our studies of the phosphorylation state of Pgp during the solubilization and purification process showed that the final purified product is phosphorylated. However, investigation of the phosphorylation state of the plasma-membrane starting material showed that Pgp can be further labelled with [y-32P]ATP, indicating that purified Pgp is likely to be phosphorylated at sub-stoichiometric levels.
